Monotonic tensile and fatigue crack growth tests have been performed on AISI 1018 and Fe/2Si/l).lC steels with duplex ferrite-martensite (DFM) microstructures. The effects of microstructure on ambient temperature mechanical properties were examined. Two distinct martensite distributions were produced in AISI 1018 DFM. The primary differences between the two were the ferrite and martensite particle sizes. It was found that tensile fracture was sensitive to both martensite distribution and volume fraction. For a given volume fraction of martensite, large particle sizes increased strength but drastically reduced ductility.
-2 -greater near-threshold fatigue crack propagation resistance in Fe/2Si/O.le DFM was attributed to a meandering crack path, generated by the coarser microstructure in this steel, which promotes roughness-induced crack closure and crack deflection effects.
I. INTRODUCTION
Duplex ferrite-martensite (DFM), or dual phase, steels have microstructures which consist mainly of hard martensite particles embedded in a soft ferrite matrix.
These microstructures are produced by a variety of thermal and thermomechanical treatments, all of which involve cooling a composite of ferrite + austenite at a rate sufficient to transform the austenite to martensite. Many DFM steels exhibit attractive combinations of monotonic tensile strength and ductility.
However, it has been shown that the monotonic tensile properties of DFM steels can be drastically altered when the morphology of the composite microstructure is changed [1] .
Microstructure can also have a significant effect on fatigue crack growth in DFM steels, particularly in the near-threshold range, where crack growth rates are so low that they approach atomic spacings per cycle [2, 3] . The near-threshold range (i.e. ~ lO-6mm/cycle) is an important aspect of fatigue because the initiation and subsequent slow growth stages of fatigue failure often comprise the major portion of a component's fatigue Ii fetime. If the microstructural features that determine the resistance to fatigue crack growth can be well characterized, the design of alloys with superior resistance to fatigue failure may be realized. This investigation was undertaken in order to further examine the effects of microstructure on fatigue crack growth in DFM steels. Fe/2Si/0.lC. This alloy was homogenized under an argon atmosphere at 1l00ac for 24 hrs, and then forged and hot rolled to both 16mm and 8mm plate. Oversized tensile and compact specimen blanks were cut from the flat plates with the tensile axis parallel to the rolling direction.
The DFM microstructures were produced by two heat treatments which are shown schematically in Fig. 1 . The austenitizing and the two phase «1 + y )
annealing temperatures used are listed in Table I . Austenitization was performed for 1 hr. Two phase «1 + y) annealing was performed for one-half hour. The quenching medium was ice water.
The monotonic tensile specimens were 6.4mm thick flat bars (ASTM specification E8-69). Fatigue crack growth tests were performed with 6.4mm thick compact specimens. After heat treating, approximately 0.4mm of material was ground from the sides of the specimens to allow for decarburization and residual stress that might have been induced by the final quench [4] . In order to ensure that such grinding was sufficient to remove the surface residual stresses, two extra specimens of Fe/2Si/0.lC steel were prepared from 16mm plate, and after heat treatment, 4.4mm of material was removed from both sides of those specimens.
The near-threshold fatigue behavior of such specimens was found to be identical to our other results on. Fe/2Si/0.lC steel.
Tensile tests were performed at room temperature at a strain rate of 4 x 10-4 sec -1. Fatigue specimens were cycled, under load control, on a 90kN MTS electro--4 -servo-hydraulic testing machine. The applied load was sinusoidal tension at load ratios (R = K . /K ) of 0.05 and 0.75, where K . and K are the minimum mm max mm max and maximum stress intensities during each cycle. The cyclic frequency was 50Hz.
The test environment was laboratory air maintained at a constant temperature of 200c and a constant relative humidity of roughly 50%. Crack length was monitored continuously using the d.c. electrical potential method [5] . It was experimentally verified that the apparatus used could measure absolute crack length at least to within O.lmm, and changes in crack length on the order of I011m.
Thresholds were determined by a load reduction procedure in which the stress intenSity range (l~K = K -K . ) was systematically reduced by increments of max mm 10% or less. After each load reduction the crack was allowed to grow, at constant llK, for a distance of at least three times the monotonic plane strain plastic zone * -6 size that corresponded to a crack growth rate of 10 mm/cycle. The threshold alternating stress intensity, llK , was operationally defined as the value of o alternating stress intensity at which less than O.lmm of crack growth occurred in 3 6 x 10 cycles. With a crack length resolution limit of O.lmm, this corresponded to .
/ -8 / a maXImum crack growth rate at the threshold of da dN = 3 x 10 mm cycle or less. At least three specimens were fatigue tested for each heat treatment.
After llK was determined, the load was increased such that da/dN -10-6
o -mm/cycle and then maintained constant until termination of the test. Values of da/dN less than lO-6mm/cycle were obtained during the load reduction procedure.
* The monotonic plane strain plastic zone size was approximated by
Sy where Sy is the monotonic yield stress [6] .
"--5 --6 Crack growth rates above 10 mm/cycle were determined after threshold by numerical differentiation of curve:s of crack length versus number of cycles.
Sections for optical metallography were taken from the gauge length of broken tensile specimens or from compact specimens close to the crack path. For a given heat treatment, microstructural features were the same for both of the section types. Martensite volume fractions were determined from optical micrographs by a point fraction method [7] . Scanning electron metallography and fractography were performed with an AMR-IOOO scanning electron microscope operated at 20kV. Martensite and ferrite particle sizes were measured from scanning electron micrographs of the specimens prepared for optical metallography. Particle size was defined as the average line length contained within a particle. It was determined by edge to edge measurement of individual particles along a test line. The paths of the near-threshold fatigue cracks were determined by examining cross sections of compact specimens containing cracks that were grown at near-threshold rates for at least O.2mm and then stopped. The taper sections of fracture surfaces were cut at -5°.
Thin foils for transmission electron microscopy were obtained from compact specimens near the crack path.
Transmission electron microscopy specimens were made by twin-jet polishing and were observed in a Philips EM301 microscope.
III. RESULTS
Metallography
Optical and scanning electron micrographs of the DFM structures are shown Table I .
-6 -The principal differences between the two types of AISI 1018 DFM structures were the distribution of martensite and the ferrite particle sizes. The distribution of martensite depends on the structure that existed just prior to (a + y) annealing.
In the intercritical anneal (IA) heat treatment the structure prior to (a + y)
annealing was cold worked ferrite and pearlite. The primary sites for austenite nucleation during (a + y) annealing were ferrite/cementite interfaces and grain boundaries. During (a + y) annealing, the transformation to austenite occurred mainly within the pearlite grains and along the grain boundaries. Because the (a + y) annealing temperatures used were so high that the volume fraction of austenite approached 50%, almost all of the grain boundaries were decorated with austenite.
In the intermediate quench (IQ) heat treatment the structure prior to (a + y)
annealing was lath martensite. The complex defect structure of lath martensite provided many sites for the nucleation of austenite during (a + y) annealing. The most prominent nucleation sites were prior austenite grain boundaries, martensite packet boundaries, and martensite lath boundaries.
The preferential nucleation of austenite along prior austenite grain boundaries in AISI 1018 DFM (IQ) resulted in the formation of rings of interconnected martensite particles upon quenching. The average diameter of these rings was comparable to the prior austenite grain size (8011m), (see Fig. 2b ). Within the rings are many other martensite particles. Their narrow shape suggests that they were formed from austenite that was nucleated at lath boundaries. These narrow particles resulted in a ferrite matrix which was of a finer scale than in structures produced by the intercritical anneal, DFM (IA), heat treatment (see Figs. 3a and b).
Quantitative metallographic data indicated that the microstructural feature in AISI 1018 DFM steels that was most strongly affected by the distribution of martensite was the mean ferrite particle size (La). Although the definition of La -, Table I . One of the effects of the 2wt. % Si in this alloy was to markedly reduce the tendency for the nucleation of austenite on prior austenite grain boundaries during (a + y) annealing [8] . Si also expands the (a + Y) two phase field [8] . The microstructure of this steel has been well-characterized in previous reports [1, 8] .
Transmission electron microscopy revealed that there were no outstanding differences between the fine stuructures of the DFM steels. The extent of microtwins in the martensite of AISI 1018 DFM appeared to be greater than in Fe/2Si/0.lC DFM, but no attempt was made to quantify this difference. Table II .
The fatigue data are presented in Table III shown in Fig. 6c . The existence of parallel "steps" within the fractographic feature shown in Fig. 7b can also be noted. The widths of the "steps" were comparable to the ferrite and martensite particle sizes for this steel (8jJm and 3jJm respectively).
It was found that the paths of the near-threshold fatigue cracks were not strongly influenced by the martensite particles. The cracks traversed both the martensite particles and the ferrite matrix (see Fig. 8 ). The paths of the nearthreshold fatigue cracks in the DFM (IQ) steels were also found to be transgranular with respect to the prior austenite grains (see Fig. 9 ). In Fe/2Si/D.le DFM (IQ),
sharp changes in the near-threshold fatigue crack path were often associated with grain boundaries (see Fig. 9b ). Whether the boundaries shown in Fig. 9b are prior austenite grain boundaries or packet boundaries of the martensite that existed prior -. martensite distributions and volume fractions tested. However, at a load ratio of R = 0.05, Fe/2Si/0.lC DFM (IQ), a steel with monotonic tensile properties that were very similar to those of AISI 1018 OFM (IQ), gave a considerably higher threshold stress intensity than the AISI 1018 DFM steels (Fig. 5 ). The fractographic results followed a trend parallel to the threShold fatigue data in that the near-threshold fatigue fracture surfaces of both AISI 1018 OFM CIA) and AISI 1018 OFM (IQ) had similar topographies while those of Fe/2Si/0.lC OFM (IQ) were much coarser by comparison. This correspondence between macroscopic~lly coarse fracture surface -13 -topography and increased threshold stress intensity at low load ratios is consistent with recent ideas on fatigue crack closure effects [14] [15] [16] and crack deflection [ 29] effects.
Crack closure occurs when the fracture surfaces of a growing fatigue crack come into contact, in the wake of the crack tip, at some positive value of stress intensity greater than K min • This premature closing of the crack during the fatigue cycle reduces the effective amplitude of stress intensity acting at the crack tip from the nominally applied value (/:, K = Kmax -K min ) to some effective value (/:'Keff = Kmax -K c1 )' where Kc1 is the stress intensity at which the crack is closed. The origin of such closure has been attributed to plasticity effects, corrosion debris, and irregular fracture morphologies, as discussed below.
The effect of closure influencing behavior close to the fatigue threshold is well documented [3, [14] [15] [16] [17] . For example, it has been found that when closure is allowed for, by the measurement of /:,K eff at threshold, or the measurement of /:'Ko at high load ratio, the role of microstructure in influencing near-threshold behavior in steels becomes minimal. Threshold stress intensities at high load ratios and effective threshold stress intensities are typically in the range of 2 to 5 MPa 1m
for a wide variety of steels [3, 14, 15, 17] . The absence of a high threshold stress intensity in Fe/2Si/fl.1C DFM (IQ) at a load ratio of R = 0.75 is consistent with these results.
Recent studies have suggested that fatigue crack closure can be conveniently categorized into three types [14] : plasticity-induced crack closure, oxide-induced crack closure, and roughness-induced crack closure. Plasticity-induced crack closure arises from the fact that during cyclic crack extension material elements are plastically strained at the crack tip [18] . The effect of the elastic enclave on the residual stretch in such elements when they are in the wake of the crack results in misfit strains leading to physical interference between the fracture surfaces.
-14 -
This mechanism of crack closure is most prevalent under conditions where the extent of plasticity is large, typically in plane stress. Since near-threshold fatigue crack growth invariably occurs under conditions of plane strain, the contribution from plasticity-induced crack closure is generally small [14] .
Oxide-induced crack closure is caused by corrosion products that form within the crack primarily during near-threshold fatigue crack growth in moist environments [14, 15] . This mechanism of closure is effective when the thickness of corrosion debris, generally metal oxides, is on the order of the crack tip opening displacement, which is often the case at near-threshold levels [15] . Closure occurs when the corrosion debris wedges the crack closed at a stress intensity above K min • The concept of oxide-induced crack closure has proven to be invaluable in the explanation of many environmental effects on fatigue-thresholds [15] . Since in the present study the environments were identical for all tests, and from visual inspection, it appeared that oxide formation was similar in all specimens, the effect of oxide-induced crack closure was assumed to be similar for all of the microstructures tested.
Roughness-induced crack closure is a result of a mismatch between the mating fatigue fracture surfaces, and is promoted by rough irregular fracture surfaces and inelastic Mode II crack tip displacements [14, 16] . Closure occurs when the asperities of the mating fracture surfaces contact each other during the fatigue cycle at a stress intensity above K .
• The observed correspondence mm between a coarse fracture surface and an increased threshold stress intensity in Fe/2Si/D.IC DFM (IQ) at R = 0.05 combined with the absence of a high threshold stress intensity at R = 0.75 gives a strong indication that the closure effects in the present steels are primarily due to a roughness induced mechanism.
The importance of the large and abrupt changes in the fracture surface -15 -profile of Fe/2Si/0.le OFM (IQ) towards the promotion of crack closure is made clear when the effect of Mode II displacements, which are known to be significant at threshold, are considered [14, 16, 19] . Mode II displacements augment crack closure by creating a lateral shift between the mating fracture surfaces. The incompatibility between fracture surfaces caused by a lateral shift is especially great when the fracture surfaces have large and abrupt changes in profile.
Although the exact mechanism is uncertain, the origin of the irregular fracture profile and significant Mode II displacements is thought to be a shear mode of crack growth in which crack tip plasticity and attendant crack extension are confined to a single active "flow band" that is inclined to the loading axis [14, 16, 20] . The shear mode of crack growth has been observed directly for short cracks, with lengths on the order of microstructural features [21, 22, 23] , and fractographic evidence indicates that it also operates for long cracks when the extent of plasticity is less than a grain size [3, 16] . In addition, such meandering crack paths and rough fracture surfaces can result in lower growth rates because of crack deflection effects [2a] . Here the deflection of the crack path from the plane perpendicular to the applied tensile stresses (e.g. fig. 9 ) can lead to significant reductions in the Mode I stress intensity at the crack tip, thus reducing the driving force and crack advance.
The agreement found in the present work between the dimensions of nearthreshold fracture surface features and the prior austenite grain size indicates that the prior austenite grain size can act as an important fracture unit for fatigue crack growth in OFM (IQ) steels. The coincidence of high threshold stress intensity and large prior austenite grain size in Fe/2Si/0.le OFM (IQ) is consistent with the general, but not universal [24] , trend of increased grain size giving higher fatigue thresholds in steels [14, 17, 25, 26] . The significance of the prior austenite grain 
CONCLUSIONS
Based on a study of tensile and fatigue crack growth behavior in AISI 1018
and Fe/2Si/0.lC steels with duplex ferrite-martensite (DFM) microstructures, the following conclusions were made.
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1.
The tensile deformation behavior of AISI 1018 DFM steels, especially elonga-2.
tion to failure, was sensitive to both the distribution and the volume fraction of martensite. The elongation to tensile failure was drastically reduced when the size of the ferrite and martensite particles were increased.
The threshold stress intensities for fatigue crack growth in AISI 1018 DFM were largely unaffected by changes in the distribution and volume fraction of martensite. 
*
-5 / 9.9 applies for 10 mm cycle < da/dN < 10-4 mm/cycle 4.5 applies for da/dN> 10-4 mm/cycle. .. Transmission electron micrograph of the AISI 1018 DFM (IQ) structure.
Shown are two martensite particles in a dislocated ferrite matrix.
Microtwins are evident in the martensite. • XBB 825-4287
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